The Muschelkalk, composed of Triassic limestones, marls, dolomites, and evaporites, forms part of the Permo-Triassic cover of sedimentary rocks that directly overlies the fractured granitic reservoir used for geothermal energy exploitation in the Upper Rhine Graben. Petrophysical data for this lithostratigraphic unit are sparse, but are of value for reservoir prospection, stimulation, and optimisation strategies at existing and prospective geothermal sites throughout the Upper Rhine Graben. To this end, we present here a systematic microstructural, mineralogical, and petrophysical characterisation of the Muschelkalk core (from the Middle to Lower Muschelkalk; from a depth of ~ 930 to ~ 1001 m) from exploration borehole EPS-1 at Soultz-sous-Forêts (France). First, we assessed the microstructure and mineral content of samples from six depths that we consider represent the variability of the available core. The majority of the core is composed of fine-grained, interbedded dolomites and marls; however, anhydrite and a dolomitic sandstone bank were found in the Upper and Lower Muschelkalk core, respectively. A larger suite of samples (from fifteen depths, including the six depths chosen for microstructural and mineral content analysis) were then characterised in terms of their petrophysical properties. The matrix porosity of the measured Muschelkalk samples is low, from ~ 0.01 to ~ 0.1, and their matrix permeability is below the resolution of our permeameter (≪ 10 −18 m 2 ). P-wave velocity, thermal conductivity, thermal diffusivity, specific heat capacity per unit volume, Young's modulus, and uniaxial compressive strength range from 2.60 to 5.37 km/s, 2.42 to 5.72 W/mK, 1.19 to 2.46 mm 2 /s, 1.63 to 2.46 MJ/m 3 K, 9.4 to 39.5 GPa, and 55.1 to 257.6 MPa, respectively. Therefore, and despite the narrow range of porosity, the petrophysical properties of the Muschelkalk are highly variable. We compare these new data with those recently acquired for the Buntsandstein unit (the Permo-Triassic unit immediately below the Muschelkalk) and thus provide an overview of the petrophysical properties of the two sedimentary units that directly overly the fractured granitic reservoir. 
Introduction
Geothermal energy projects within the Upper Rhine Graben, a 350-km-long and 50-kmwide Cenozoic rift valley, exploit anonymously high geothermal gradients (> 80 °C/km) that are attributed to crustal thinning and efficient large-scale hydrothermal convection (e.g., Ledésert et al. 1996; Pribnow and Schellschmidt 2000; Buchmann and Connolly 2007; Guillou-Frottier et al. 2013; Baillieux et al. 2013; Magnenet et al. 2014; Vallier et al. 2018 Vallier et al. , 2019 . Indeed, more than fifteen geothermal wells have been drilled in the Upper Rhine Graben since the 1980s . The geology of the region consists of a fractured granitic basement (e.g., Ledésert et al. 1993; Genter and Traineau 1996; Genter et al. 1997; Hooijkaas et al. 2006; Sausse et al. 2006; Dezayes et al. 2010; Genter et al. 2010; Villeneuve et al. 2018; Glaas et al. 2018) overlain by a sequence of Permian and Triassic sedimentary rocks (Buntsandstein, Muschelkalk, and Keuper; e.g., Haffen et al. 2013; Vidal et al. 2015; Griffiths et al. 2016; Aichholzer et al. 2016 Aichholzer et al. , 2019 Heap et al. 2017; Kushnir et al. 2018a, b; Heap et al. 2018 Heap et al. , 2019 Harlé et al. 2019) , Jurassic sedimentary rocks, and Tertiary to Quaternary graben fill (e.g., Berger et al. 2005; Hinsken et al. 2007 Hinsken et al. , 2011 Aichholzer et al. 2016; (Fig. 1c) .
The Buntsandstein unit, a ~ 400-m-thick sequence of sandstones ( Fig. 1c ) (e.g., Aichholzer et al. 2016; Heap et al. 2017) , and the Muschelkalk unit, a ~ 100-m-thick sequence of Triassic limestones, marls, dolomites, and evaporites ( Fig. 1c ) (e.g., Aichholzer et al. 2016; , are considered to form the top of the regional convection zone (e.g., Vidal et al. 2015; Baujard et al. 2017) . Both units are known to be laterally extensive in the Upper Rhine Graben (e.g., Sittler 1969; Brun and Wenzel 1991) . The permeability required to support large-scale hydrothermal convection in the Buntsandstein and Muschelkalk units is provided by faults and fractures (e.g., Vidal et al. 2015; Kushnir et al. 2018a ). In the Muschelkalk unit, the focus of the present study, there is ample evidence for permeable fractured zones (e.g., Reyer et al. 2012; Meier et al. 2015; Vidal et al. 2015; Aichholzer et al. 2016) . For example, Reyer et al. (2012) and Meier et al. (2015) analysed fault zones within the Muschelkalk unit with displacements ranging from a few centimetres to a few tens of metres in northwest and southeast Germany, respectively. Many of the faults described in these studies appear related to the regional stress field associated with the Upper Rhine Graben, in which intra-graben faults strike dominantly NNW (with subsidiary NNE and NW sets) and faults on the border of the graben strike between NW and NE (Peters and van Balen 2007 ; see also Schumacher 2002; Cardozo and Behrmann 2006; Meixner et al. 2016 ). The faults studied by Reyer et al. (2012) and Meier et al. (2015) are also associated with damage zones containing fractures preferentially orientated parallel to the fault strike. Within France, the correlation of stratigraphic logs from Soultz-sous-Forêts and Rittershoffen (locations given in Fig. 1b ) suggests the presence of faults within the Muschelkalk (Aichholzer et al. 2016) . The two permeable zones in the Muschelkalk identified in the GPK-2 and GPK-3 wells at Soultz-sous-Forêts have apparent thicknesses between 5 and 20 m; the orientation of these faults, however, is challenging to interpret in the absence of imaging logging (Vidal et al. 2015) . The Buntsandstein and Muschelkalk units are not only important for regional hydrothermal convection, but recent and forthcoming geothermal projects have also targeted the interface between the fractured granitic basement and these overlying Permo-Triassic sedimentary rocks. The Muschelkalk unit, for example, is also used as a hot water aquifer at the geothermal plant at Riehen in Switzerland (in the Upper Rhine Graben; e.g., Link et al. 2015) . As a result, the petrophysical properties of the rocks forming the Buntsandstein and Muschelkalk units form essential input parameters in thermo-hydro-mechanical modelling designed to better understand large-scale fluid circulation, heat flow calculations, and temperature estimations and can be used to guide reservoir stimulation strategies and assessments of borehole stability. Recent experimental studies have explored the microstructural and petrophysical properties of the Permo-Triassic Buntsandstein lithostratigraphic unit (Fig. 1c) . Heap et al. (2017) , for example, measured the porosity, permeability, and P-wave velocity of sandstones from exploration borehole EPS-1 at the Soultz-sous-Forêts geothermal site (France) (Fig. 1a, b) . These authors found that the porosity, P-wave velocity, and permeability of these sandstones vary from ~ 0.03 to 0.2, ~ 2.5 to 4.5 km/s, and ~ 10 −18 to 10 −13 m 2 well GPK-2 at Soultz-sous-Forêts; Fig. 1b ) do not differ from those saturated with water. However, there are no corresponding data for the overlying Muschelkalk lithostratigraphic unit (Fig. 1c) . We present here, therefore, a systematic microstructural, mineralogical, and petrophysical characterisation of the Muschelkalk core (from the Middle to Lower Muschelkalk; from a depth of ~ 930 to ~ 1001 m) from exploration borehole EPS-1 at Soultz-sous-Forêts (Fig. 1a, b) . EPS-1 provides full core (diameter = 78 mm) of the part of the Muschelkalk lithostratigraphic unit, the lowermost part of the Middle Muschelkalk and the entire Lower Muschelkalk (from ~ 930 to ~ 1001 m). Due to the availability of core material at EPS-1, Soultz-sous-Forêts represents an ideal case study for investigating the microstructural and petrophysical properties of the Muschelkalk.
As mentioned above, these data can be used to assist reservoir prospection, stimulation, and optimisation strategies at geothermal sites throughout the Upper Rhine Graben, and particularly those that use, or plan to use, the Muschelkalk unit as a reservoir/aquifer (e.g., the geothermal project at Riehen; Link et al. 2015) .
Materials and methods
The Muschelkalk lithostratigraphic unit is the middle part of the Triassic sedimentary sequence encountered in the Upper Rhine Graben. The Muschelkalk is characterised by marine-to-lagoonal environment deposits (limestones and dolomites) that are rich in marine fauna (e.g., Ménillet 2015; Aichholzer et al. 2016 Aichholzer et al. , 2019 ). The Muschelkalk is divided, from the top to the base, into three members corresponding to different depositional environments (Ménillet 2015; Aichholzer et al. 2019) .
(1) The Upper Muschelkalk, which is characterised by massive limestone at its base and alternating marls and limestones at its top. (2) The Middle Muschelkalk, which is mainly composed of silty and carbonatic clayey layers with occasional evaporitic deposits (gypsum and anhydrite). (3) The Lower Muschelkalk, which is characterised by shelly and sandy marls and marly clays. The Muschelkalk core at EPS-1 contains the following formations (see and Aichholzer et al. (2019) (Fig. 2) . We also sampled Buntsandstein sandstone core from three depth intervals at the interface between the Muschelkalk and the Buntsandstein units (from boxes 76, 81, and 82), unsampled in our previous petrophysical studies Kushnir et al. 2018a; Heap et al. 2019) (Fig. 2) .
We first chose six samples from our fifteen depth intervals to perform detailed microstructural and mineralogical analysis. These six samples, from boxes 6 and 22 from the Middle Muschelkalk and boxes 32, 45, 59, and 61 from the Lower Muschelkalk (see The approximate depths of the sampled core, fifteen depths in total, are indicated by the stars. The number within the star corresponds to the box number from which the sample was taken, and the colour of the star reflects the lithology (see key at the bottom of the figure). The lithology was either determined using the mineral contents determined using X-ray powder diffraction (this study, see Table 1 ) or was taken from Aichholzer et al. 2019) Fig. 2 for depths), were selected as they were considered to best represent the variability of the available core. We also performed microstructural and mineralogical analysis on the three samples of Buntsandstein sandstone taken from the interface between the Muschelkalk and the Buntsandstein units (see Fig. 2 for depths). Double-polished thin sections for each of the nine depth intervals were prepared to investigate their microstructures using a scanning electron microscope (SEM) (Tescan Vega 2 XMU) in backscattered mode. The mineral content of the nine samples was quantified using X-ray powder diffraction (XRPD). Powdered offcuts of the core material were ground for 8 min with 10 ml of isopropyl alcohol in a McCrone Micronising Mill using ZrO 2 cylinder elements. The XRPD analyses were performed on powder mounts using a Bruker D8 Advance Eco X-ray diffractometer (CuKα, 40 kV, 25 mA, 2°-75° 2Θ, 0.01° step size, 20 mm irradiated length, 2.5° primary and secondary sollers and a LynxEye XE-T detector). The phases in the whole rock powders were then quantified using the Rietveld program BGMN (Bergmann et al. 1998 ) and the Profex graphical user interface (Döbelin and Kleeberg 2015) . To identify clay minerals, we also separated < 2 µm fractions by gravitational settling and prepared oriented mounts that were X-rayed in an air-dried state, an ethylene-glycolated state, and following exposure to 550 °C.
One to four cylindrical samples, 20 mm in diameter and precision ground to a nominal length of 35-40 mm, were extracted from each of the eighteen sampled depths. The samples were cored so that their axes were parallel to the EPS-1 borehole (i.e., perpendicular to bedding). These samples were then washed to remove any soluble grinding fluid and oven-dried at 40 °C in a vacuum oven for at least 48 h. Photographs of representative 20-mm-diameter samples from each of the eighteen sampled depths are provided in Fig. 3 .
The connected porosity of each sample was determined using the bulk volume calculated using the sample dimensions and the connected (skeletal) volume measured by a helium pycnometer (Micromeritics AccuPyc II 1340). P-wave velocity was measured under a uniaxial stress of ~ 1 MPa along the axis of each sample using piezoelectric sensors excited at a frequency of 700 kHz. The length of the sample and the time of the first arrival of the signal through the sample were used to calculate the P-wave velocity. The permeability of the samples was assessed using a benchtop gas (nitrogen) permeameter (schematic provided in Farquharson et al. 2016; Heap and Kennedy 2016) under a confining pressure of 1 MPa. However, we found that the permeability of all the prepared Muschelkalk samples was below the resolution of our permeameter (≪ 10 −18 m 2 ). Thermal diffusivity and thermal conductivity were measured (and specific heat capacity per unit volume calculated) for each depth interval using two 20-mm-diameter cylindrical samples either side of a Kapton sensor (3.189 mm in radius) and a Hot Disk TPS 500 Thermal Constants Analyser (more details are provided in Gustavsson et al. 1994; Harlé et al. 2019) . A series of four consecutive measurements was performed on the different sample surfaces. Each measurement was performed at least 5 min apart to ensure that the sample had cooled back to the ambient temperature. To check whether the sample had cooled back to ambient temperature, the sensor measured the temperature of the sample for 40 s prior to each measurement. If the sample temperature was not constant during this 40 s period, the data were not considered and the measurement was repeated.
The reported values are averages of these four measurements. Finally, the prepared cylindrical samples were deformed uniaxially at a strain rate of 1.0 × 10 −5 s −1 until macroscopic failure. During deformation, axial displacement and axial load were measured using two linear variable differential transducers (LVDT) and a load cell, respectively. These measurements were converted to axial strain (using the average displacement from the two transducers) and axial stress using the sample dimensions. The static Young's modulus of each sample was determined from the elastic portion of the stress-strain curves. We adopt the convention that compressive stresses and strains are positive.
Results

Microstructural and mineralogical analyses
The mineral contents for the six samples chosen to represent the variability the Muschelkalk, from boxes 6 and 22 from the Middle Muschelkalk and boxes 32, 45, 59, and 61 from the Lower Muschelkalk, and the three samples taken from the very top of the Buntsandstein (boxes 76, 81, and 82), are given in Table 1 . Figures 4 and 5 show backscattered SEM images of the nine samples.
The sample from box 6 (Marnes Bariolées, Middle Muschelkalk; 938.5 m; Fig. 3a ) is a very fine-grained (~ 10 μm; Figs. 4a, 5a) dolomite (86 wt%) with minor quartz (7 wt%), calcite (3 wt%), muscovite/illite (3 wt%), and K-feldspar (1 wt%) ( Table 1 ). The dolomite grains are angular and much of the inter-particle porosity is filled with clay ( Fig. 5a ). Sample 6 also contains calcite-filled fractures (Fig. 4a) .
The sample from box 22 (Marnes Bariolées, Middle Muschelkalk; 957 m; Fig. 3c ) is mostly composed of anhydrite (88 wt%), with some dolomite (11 wt%) and minor quartz (1 wt%) ( Table 1) . Individual grains are typically ~ 25-50 μm in diameter, and the pores have a diameter between ~ 10 and 20 μm (Figs. 4a, 5a). Sample 22 contains sample-scale slump structures and deformed laminations (Fig. 3c) , evidence of soft-sediment deformation. We consider sample 19 ( Fig. 3b) to have a very similar microstructure and mineral content to sample 22.
The sample from box 32 (Couches à Orbicularis and Schaumkalk complex, Lower Muschelkalk; 967 m; Fig. 3e ) is a very fine-grained (~ 10-40 μm; Figs. 4c, 5c) marly dolomite (74 wt% dolomite and 18 wt% muscovite/illite) with minor quartz (4 wt%), K-feldspar (3 wt%), and pyrite (1 wt%) ( Table 1) . Similar to the sample from box 6, the dolomite grains are angular and much of the inter-particle porosity is filled with clay ( Fig. 5c ). We consider sample 29 ( Fig. 3d) to have a very similar microstructure and mineral content to sample 32.
The sample from box 45 (Calcaires Ondulés or Wellenkalk, Lower Muschelkalk; 975 m; Fig. 3g ) is a fine-grained (~ 100-150 μm; Figs. 4d, 5d) marly dolomite (85 wt% dolomite and 10 wt% muscovite/illite) with minor quartz (4 wt%) and K-feldspar (1 wt%) ( Table 1 ). On the sample scale, sample 45 contains regularly spaced, and wavy, marly lenses (Fig. 3g) .
The sample from box 59 (Wellenmergel and Couches à Térébratules, Lower Muschelkalk; 988 m; Fig. 3j ) is a homogeneous, fine-grained (~ 50-100 μm; Figs. 4e, 5e) dolomitic sandstone (45 wt% quartz and 26 wt% dolomite) with muscovite/illite (16 wt%), K-feldspar (10 wt%), and minor siderite (3 wt%) ( Table 1) . The pores in sample 59 (~ 50 μm in diameter) are filled with clay (Figs. 4e, 5e ).
The sample from box 61 (Couches à Myacites, Lower Muschelkalk; 990 m; Fig. 3k ) is a very fine-grained (~ 10-50 μm; Figs. 4f, 5f ) marly dolomite (68 wt% dolomite and 20 wt% muscovite/illite) with minor quartz (8 wt%), K-feldspar (3 wt%), and siderite (1 wt%) ( Table 1 ). Similar to the samples from box 6 and 32, the dolomite grains are angular and much of the inter-particle porosity is filled with clay ( Fig. 5f ). We consider sample 61 (Fig. 3k) to have a very similar microstructure and mineral content to a large portion of the EPS-1 core (i.e., the majority of the core comprises marly dolomite), including samples from boxes 36 (Fig. 3f ) , 52 (Fig. 3h) , 53 (Fig. 3i) , 64 (Fig. 3l) , 66 (Fig. 3m) , 70 (Fig. 3n) , and 73 (Fig. 3o) .
The sample from box 76 (Grès à Voltzia, Buntsandstein; 1001 m; Fig. 3p ) is a finegrained (~ 25-100 μm; Figs. 4g, 5g) marly sandstone (58 wt% quartz and 29 wt% muscovite/illite) with minor siderite (9 wt%), K-feldspar (3 wt%), and dolomite (1 wt%). The pores in sample 76 (~ 50 μm in diameter) are filled with siderite and clay (Figs. 4g,  5g) .
The sample from box 81 (Grès à Voltzia, Buntsandstein; 1005.5 m; Fig. 3q ) is a finegrained (~ 50-100 μm; Figs. 4h, 5h) marly sandstone (66 wt% quartz and 18 wt% muscovite/illite) with K-feldspar (10 wt%) and minor dolomite (4 wt%) and siderite (2 wt%) ( Table 1) . Some pores in sample 81 (~ 50 μm in diameter) are filled with siderite and clay, whilst others only contain a coating of clay or no filling (Figs. 4h, 5h) .
The sample from box 82 (Grès à Voltzia, Buntsandstein; 1006.5 m; Fig. 3r ) is a finegrained (~ 50-100 μm; Figs. 4i, 5i) marly sandstone (46 wt% quartz and 35 wt% muscovite/illite) with dolomite (11 wt%) and minor K-feldspar (4 wt%) and siderite (4 wt%) ( Table 1) . Much of the inter-particle porosity is filled with clay and siderite (Figs. 4i, 5i ). The grains in sample 82 are elongate and appear to be preferentially orientated sub-parallel to the core axis (i.e., sub-parallel to the drilling orientation) (Figs. 4i, 5i) .
In summary, a large portion of the Muschelkalk core from the EPS-1 exploration borehole at Soultz-sous-Forêts comprises fine-grained (~ 100-150 μm) to very finegrained (~ 10-50 μm) marly dolomites that are characterised by very small pore sizes (~ 5-25 μm) (Figs. 4, 5) . Apart from sample 6 (Marnes Bariolées, Middle Muschelkalk; Fig. 4a ), we did not observe microcracks in any of the samples studied (Figs. 4, 5) .
Petrophysical analyses
The connected matrix porosity of the Muschelkalk samples measured ranges between ~ 0.01 and ~ 0.1 (Table 2 ). The majority of the samples have porosities less than 0.05 (Table 2) . The highest porosity, ~ 0.1, is found in the sample from box 6 (Marnes Bariolées, Middle Muschelkalk) ( Table 2 ). P-wave velocity is plotted as a function of porosity in Fig. 6 (data available in Table 2 ). The P-wave velocity of the Muschelkalk samples measured ranges between 2.60 and 5.37 km/s (Fig. 6 ). Excluding the sample from box 6 (Marnes Bariolées, Middle Muschelkalk), which has a high P-wave velocity despite its high porosity, there is a general trend of decreasing P-wave velocity as porosity increases (Fig. 6) (Fig. 7) . All three properties appear to decrease as a function of increasing porosity, although the trend is less clear for specific heat capacity (Fig. 7) . Representative uniaxial stress-strain curves for the Muschelkalk samples are provided in Fig. 8a . These uniaxial stress-strain curves are typical of those for rocks deforming in compression (e.g., Eberhardt et al. 1999) . Stress is initially a non-linearly increasing function of strain (often attributed to the closure of pre-existing microcracks and flaws), followed by a quasi-linear elastic portion, a region where stress is a non-linearly decreasing function of strain (often attributed to the formation and growth of new microcracks), and, finally, a stress drop associated with the macroscopic failure of the sample (Fig. 8a) . The uniaxial compressive strength the Muschelkalk samples, plotted as a function of porosity in Fig. 8b (data available in Table 2 ), ranges from 55.1 to 257.6 MPa. We observe no trend between uniaxial compressive strength and porosity (Fig. 8b ). Young's modulus is plotted as a function of porosity in Fig. 8c (data available in Table 2 ). The Young's modulus of the Muschelkalk samples measured ranges between 9.4 and 39.5 GPa (Fig. 8c) . Excluding the sample from box 6 (Marnes Bariolées, Middle Muschelkalk), which has a high Young's modulus despite its high porosity, there is a general trend of increasing Young's modulus as porosity decreases (Fig. 8c) .
Discussion
Petrophysical properties
Our data show that the P-wave velocity (Fig. 6 ), thermal conductivity (Fig. 7a) , thermal diffusivity (Fig. 7b) , specific heat capacity (Fig. 7c) , and Young's modulus (Fig. 8c ) of the measured Muschelkalk samples decrease as a function of increasing porosity. Because rock-forming minerals have a higher P-wave velocity than air, the P-wave velocity of dry rocks is commonly seen to decrease as porosity increases (Fig. 6 ) (e.g., Han et al. 1986 , Eberhart-Phillips et al. 1989 Chang et al. 2006) . Similarly, the thermal conductivity, thermal diffusivity, and specific heat capacity of air are much lower than those for rockforming minerals, explaining the decrease in these properties as a function of increasing porosity (Fig. 7 ) (e.g., Brigaud and Vasseur 1989; Bagdassarov and Dingwell 1994; Clauser and Huenges 1995; Popov et al. 2003; Pimienta et al. 2014; Esteban et al. 2015) . Although P-wave velocity (e.g., Han et al. 1986; Eberhart-Phillips et al. 1989 ) and thermal conductivity (e.g., Brigaud and Vasseur 1989) , for example, are also known to vary as a function of increasing clay content, we see no systematic variation in our data as a function of clay content (i.e., muscovite/illite; Tables 1 and 2 ). We also note that the P-wave velocities of the Muschelkalk samples are much lower (by about 1 km/s) than carbonates of the same porosity (Regnet et al. 2015 (Regnet et al. , 2019 and is likely the result of the textural (Fig. 3) , microstructural (Figs. 4, 5) , and compositional (Table 1) complexity of the Muschelkalk samples studied. Because rock-forming minerals also have a higher stiffness than air, the Young's modulus of rock typically decreases as porosity increases (e.g., Chang et al. 2006; Griffiths et al. 2017) , as seen in our experimental data (Fig. 8c) . However, we observe no trend between uniaxial compressive strength and porosity (Fig. 8b) . The uniaxial compressive strength of rock typically decreases as a function of increasing porosity (e.g., Sammis and Ashby 1986; Chang et al. 2006; Heap et al. 2014; Baud et al. 2014) . We attribute the observed scatter in uniaxial compressive strength (Fig. 8b) as a result of textural (Fig. 3) , microstructural (Figs. 4, 5) , and compositional (Table 1) variations between our Muschelkalk samples. For example, the strongest sample, from box 59 (Wellenmergel and Couches à Térébratules, Lower Muschelkalk; Fig. 3j ), is the only sandstone we sampled from the Muschelkalk core at EPS-1. Further, the samples of anhydrite (boxes 19 and 22; Marnes Bariolées, Middle Muschelkalk; Figs. 3d, 3e) have the lowest porosities of the samples measured (< 0.01; Table 2 ) but have relatively low uniaxial compressive strengths (between 107 and 135 MPa; Fig. 8b ; Table 2 ). Low-porosity anhydrite has been shown previously to have a relatively low uniaxial compressive strength (~ 80 to ~ 127 MPa; Bell 1994 and ~ 52 to ~ 144 MPa; Trippetta et al. 2013 ) and undergo the transition from brittle to ductile behaviour at relatively low effective pressures (De Paola et al. 2009 ). We also note that our values of uniaxial compressive strength and Young's modulus of the Muschelkalk unit compare well with similar measurements provided by Reyer et al. (2012) . These authors measured one sample from each of the Upper (from Hessenbühl, Germany) and Lower (from Emmenhausen, Germany) Muschelkalk units and found uniaxial compressive strengths of 90 and 150 MPa, respectively, and Young's moduli of 37 and 50 GPa, respectively (Reyer et al. 2012) . To provide more insight as to the mechanical behaviour of the Muschelkalk samples studied, we compare the strength of our Muschelkalk samples with data for carbonate rocks compiled by Zhu et al. (2010) and Baud et al. (2016) in Fig. 9 . For a given porosity, the strength of the Muschelkalk samples is comparable with that of highly cemented allochemical limestones from Bure (France; Baud et al. 2016) , but is significantly lower than the micritic limestones presented in Zhu et al. (2010) (Fig. 9) . Because experimental studies have shown that dolomite is mechanically stronger than calcite (e.g., Delle Piane et al. 2009; Kushnir et al. 2015) , the lower strength of the Muschelkalk samples highlights the importance of clay in dictating their mechanical behaviour. We also provide modelled curves of uniaxial compressive strength ( σ u ) as a function of porosity ( φ ) using analytical solution for the pore-emanating crack model of Sammis and Ashby (1986) provided by Zhu et al. (2010) (Fig. 9): where K IC is the fracture toughness and r is the pore radius. If we focus on the marly dolomites, and exclude the two outliers characterised by high strengths and high porosities, we can bracket our data between curves for which
is equal to 12 and 28 MPa (Fig. 9) . We find a range of pore diameters of ~ 10 to ~ 50 μm (the range of pore sizes observed in our microstructural analysis; Figs 
Comparison with the Buntsandstein unit
The new petrophysical data for the Muschelkalk unit (and the three Buntsandstein samples from the Buntsandstein-Muschelkalk interface, within the Grès à Voltzia formation) collected for this study (Table 2 ) can now be compared with similar data collected for the Buntsandstein unit (data from Heap et al. 2017 Heap et al. , 2018 Heap et al. , 2019 . Figure 10 presents the P-wave velocity, uniaxial compressive strength, and Young's modulus as a function of porosity for both the Muschelkalk and Buntsandstein units. We highlight that the Buntsandstein typically has a much higher matrix porosity, and a much wider range of porosity, than the Muschelkalk (Fig. 10) . However, despite this larger range of porosity, and the aforementioned first-order control of porosity on rock physical properties, the petrophysical properties of the rocks forming the Muschelkalk vary considerably (Fig. 10) . In other words, the range of P-wave velocity, uniaxial compressive strength, and Young's modulus is larger for the Muschelkalk than for the Buntsandstein, despite the narrow porosity distribution of the Muschelkalk and the wide porosity distribution of the Buntsandstein (Fig. 10) . We consider this a consequence of the large textural (Fig. 3) , microstructural (Figs. 4, 5) , and compositional (Table 1) variations within the Muschelkalk unit. By contrast, the Buntsandstein unit comprises solely sandstones, most of which are feldspathic sandstones with varying quantities of clay (muscovite/illite-smectite) (e.g., Heap et al. 2017 ). An important difference between the Muschelkalk and Buntsandstein
Page 21 of 29 Heap et al. Geotherm Energy (2019) Soultz-sous-Forêts) . Data for the Buntsandstein from this study and Heap et al. (2017 Heap et al. ( , 2018 Heap et al. ( , 2019 units is that the matrix permeability of the Muschelkalk is very low (below the resolution of our permeameter; ≪ 10 −18 m 2 ), due to the low matrix porosity of the Muschelkalk, whereas the matrix permeability of the Buntsandstein varies from 10 −18 to 10 −13 m 2 (Haffen et al. 2013; Griffiths et al. 2016; Heap et al. 2017; Kushnir et al. 2018a) .
In this contribution, we have measured the thermal properties of the rocks forming the Muschelkalk (Fig. 7) . For comparison, we also provide here corresponding thermal property data (thermal conductivity, thermal diffusivity, and specific heat capacity) for samples of the Buntsandstein from exploration borehole EPS-1 (data available in Table 3 ). We chose to measure the twelve samples of EPS-1 core studied in Heap et al. (2017) Heap et al. 2017 for further details on these sandstones). Thermal conductivity, thermal diffusivity, and specific heat capacity were measured on oven-dry samples using the Hot Disk TPS 500 Thermal Constants Analyser and the method described above. Figure 11 presents the thermal conductivity, thermal diffusivity, and specific heat capacity as a function of porosity for both the Muschelkalk and Buntsandstein units (data available in Table 3 ). With the exception of the two samples of anhydrite (boxes 19 and 22; Marnes Bariolées, Middle Muschelkalk; Fig. 3d, e) , the thermal conductivity of the rocks from these units varies between ~ 2 and ~ 4 W/mK and does not appear to vary systematically with lithology or porosity (Fig. 11a ). This range of thermal conductivity values are consistent with the large-scale thermo-hydro-mechanical modelling of the Soultz-sous-Forêts (Vallier et al. 2019) and Rittershoffen (Vallier et al. 2018 ) geothermal sites, with laboratory data for a wide range of sedimentary rocks from the Upper Rhine Graben (Fuchs and Förster 2010; Haffen et al. 2013; Harlé et al. 2019) , and with thermal conductivity maps performed on an 18-cm-long piece of core from the Buntsandstein (from borehole EPS-1) (Haffen et al. 2017) . The very low porosity of the anhydrite samples and the high value of thermal conductivity of anhydrite (~ 5 W/mK; Clauser and Huenges 1995) have contributed to the high thermal conductivity of these samples. If we assume a large difference between the thermal conductivity of the rock-forming minerals and the air, we can interrogate the influence of mineralogical variations on the thermal conductivity of the measured samples by plotting thermal conductivity as a function of porosity for the two most common minerals of the Muschelkalk and Buntsandstein (dolomite and quartz, respectively) using the Rayleigh-Maxwell equation:
where κ e and κ g are the thermal conductivities of the equivalent medium and the solid mineral (i.e., dolomite or quartz), respectively, and φ is the porosity. Values of κ g for dolomite and quartz are taken as 4.78 and 6.15 W/mK, respectively (Clauser and Huenges 1995) . These modelled curves are plotted alongside the experimental data on Fig. 11a . The modelled curves overestimate the thermal conductivity of both the Muschelkalk and Buntsandstein units and are the likely result of minerals such as clays that serve to lower the thermal conductivity. The thermal diffusivities of these rocks vary from ~ 1.25 to ~ 2.5 mm 2 /s (Fig. 11b) . In general, and despite their higher porosities, the thermal diffusivities of the Buntsandstein samples are higher than those from the Muschelkalk (Fig. 11b) . The higher thermal diffusivity of the Buntsandstein can be explained by the high thermal diffusivity of quartz (e.g., Branlund and Hofmeister 2007) . The specific heat capacity of samples from the Muschelkalk and Buntsandstein units varies from ~ 1.5 to ~ 2.5 MJ/m 3 K. The heat capacity of the Muschelkalk samples is typically higher than those for the Buntsandstein, and is likely a function of their lower porosity (Fig. 11c) .
Implications for geothermal energy exploitation
Our data, using samples sourced from exploration borehole EPS-1 at Soultz-sous-Forêts (Fig. 1a, b) , show that the Muschelkalk has a very low matrix porosity (≪ 0.1; Table 2 ) and a very low matrix permeability (≪ 10 −18 m 2 ). Although these properties suggest that the Muschelkalk unit will provide a barrier to regional fluid flow, and present a poor reservoir/aquifer for geothermal exploitation, we note that the Muschelkalk can contain heavily fractured zones (e.g., Reyer et al. 2012; Meier et al. 2015; Vidal et al. 2015; Aichholzer et al. 2016; Vidal and Genter 2018 ) that can provide high equivalent (i.e., rock mass) permeabilities (e.g., Kushnir et al. 2018a ). The existence of fractured zones within the Muschelkalk at Soultz-sous-Forêts has been confirmed by logging data (e.g., Vidal et al. 2015; Aichholzer et al. 2016) . For example, drilling mud and geophysical well logging data from the geothermal wells at Soultz-sous-Forêts (wells GPK-2, GPK-3, and GPK-4; see Fig. 1b for the location of the GPK wells) revealed two permeable zones and one sealed zone in the Muschelkalk at both GPK-2 and GPK-3 and one permeable zone in the Muschelkalk at GPK-4 (Vidal et al. 2015) . The thickness of the Muschelkalk in the GPK-1 well is significantly reduced as a result of faulting (Aichholzer et al. 2016) . Severe mud losses during the drilling of the wells GRT-1 and GRT-2 as well as positive and negative temperature anomalies also indicate the presence of significant natural fluid circulation in the Muschelkalk at Rittershoffen, located 6.5 km from Soultz-sous-Forêts (Baujard et al. 2017) . The highly fractured nature of the Muschelkalk is also apparent further afield, in northwest (e.g., Reyer et al. 2012 ) and southwest Germany (e.g., Meier et al. 2015) . For example, Meier et al. (2015) characterised the fault zones and associated fracture systems for eight exposed fault zones within the Middle Muschelkalk in southwest Germany. These authors concluded that the fractures, which often extended across multiple limestone-marl beds, likely create efficient pathways for fluid flow and that, as a result, fault damage zones in the Muschelkalk may be exploitable geothermal targets (Meier et al. 2015) . However, due to the vertical and lateral variability and heterogeneity of the Muschelkalk unit, also exposed herein (Figs. 9, 10 ), some parts of the Muschelkalk may not represent viable geothermal reservoirs/aquifers and caution must be taken. For example, no mud losses were observed during part of the drilling through the Muschelkalk unit at GRT-2 at Rittershoffen, indicating a very low equivalent permeability (Baujard et al. 2017) .
Values of strength and Young's modulus for the Muschelkalk unit (Fig. 8) can be used to guide reservoir stimulation strategies and assessments of borehole stability (e.g., Barton et al. 1988; Zheng et al. 1989; Nawrocki and Dusseault 1995; AbuAisha et al. 2016 ). Here we show that the uniaxial compressive strength (Fig. 8b ) and Young's modulus (Fig. 8c) of the Muschelkalk unit is very variable as a result of textural (Fig. 3) , microstructural (Figs. 4, 5) , and compositional (Table 1) variations. In particular, we highlight that the uniaxial compressive strength of the dolomitic sandstone bank in the Lower Muschelkalk (from box 59; Wellenmergel and Couches à Térébratules; Fig. 3j ) is very high (~ 250 MPa; Fig. 8b ; Table 2 ). Therefore, although sandstone banks in the Muschelkalk are rare , if present, they are likely an important consideration when assessing in situ stresses and for assessments of borehole stability and stimulation strategies. The uniaxial compressive strengths and Young's moduli presented herein ( Fig. 8 ; Table 2 ) are representative of the intact rock (i.e., these values do not take large fractures into account). For analyses and modelling that require rock mass properties, these values (provided in Table 2 ) can be upscaled using assessments of rock mass structure (e.g., Hoek et al. 2002; Hoek and Diederichs 2006; Reyer et al. 2012; Villeneuve et al. 2018; Heap et al. 2019) .
The thermal properties (thermal conductivity, thermal diffusivity, and specific heat capacity) for rocks within a geothermal reservoir can inform, for example, thermohydro-mechanical modelling designed to better understand large-scale fluid circulation, heat flow calculations, and temperature estimations (e.g., Fuchs and Förster 2010; Blöcher et al. 2010; Rühaak et al. 2015; Fuchs and Balling 2016; Vallier et al. 2018 Vallier et al. , 2019 Harlé et al. 2019 ). Although our thermal properties ( Fig. 11 ; Table 3) were measured on laboratory samples that do not contain fractures that would be encountered in a typical rock mass, we highlight that approaches to upscale thermal conductivity have shown, for example, that laboratory-scale measurements are capable of providing reliable simulated reservoir temperatures (Rühaak et al. 2015) .
Conclusions
Our study has highlighted the high petrophysical variability of the Muschelkalk, an important lithostratigraphic unit for geothermal energy exploitation in the Upper Rhine Graben. Although the matrix porosity, a parameter that typically exerts a first-order control on rock physical properties, is low and falls within a narrow range (from ~ 0.01 to ~ 0.1), P-wave velocity, thermal conductivity, thermal diffusivity, specific heat capacity per unit volume, Young's modulus, and uniaxial compressive strength range from 2.60 to 5.37 km/s, 2.42 to 5.72 W/mK, 1.19 to 2.46 mm 2 /s, 1.63 to 2.46 MJ/m 3 K, 9.4 to 39.5 GPa, and 55.1 to 257.6 MPa, respectively. The matrix permeability of the Muschelkalk is very low (≪ 10 −18 m 2 ); however, the equivalent permeability of the Muschelkalk may be high as a result of highly fractured zones. The measured range in petrophysical properties is a result of the textural, microstructural, and compositional variations of the rocks comprising the Muschelkalk. The range of petrophysical properties observed in the Muschelkalk exceeds that of the Buntsandstein, the unit situated below the Muschelkalk and above the fractured reservoir granite, despite the large range in matrix porosity observed within the Buntsandstein. Although these data can be used to assist reservoir prospection, stimulation, and optimisation strategies at geothermal sites within the Upper Rhine Graben, we conclude that caution is perhaps required when targeting the Muschelkalk as a reservoir/aquifer due to its high variability in terms of not only petrophysical properties, but also rock mass structure. For example, the equivalent permeability of the Muschelkalk unit will be too low to support flow in the absence of highly fractured zones. It is our hope that the petrophysical properties provided herein are useful for (1) thermo-hydro-mechanical modelling designed to better understand large-scale fluid circulation, heat flow calculations, and temperature estimations and (2) reservoir stimulation strategies and assessments of borehole stability at geothermal sites throughout the Upper Rhine Graben.
Abbreviations SEM: scanning electron microscope; XRPD: X-ray powder diffraction; LVDT: linear variable differential transducer; σ u : uniaxial compressive strength; φ: porosity; K IC : fracture toughness; r: pore radius; κ e : thermal conductivity of the equivalent medium; κ g : thermal conductivity of the solid material.
